Abstract: This paper descirbes leakage current characters and discharge phenomenon of outdoor insulators both in the lab and in the field. The results are hoped to be used for online monitoring of the contamination levels. The following contents are introduced in the paper: leakage current monitoring systems, relationships between leakage current and discharge phenomenon, flashover prediction methods and its applications in the field. The leakage current monitoring system is introduced firstly. Then the relationships between leakage current and discharge phenomenon for both suspension insulators and post insulators are presented based on the laboratory tests. A new parameter (I * ) that accounted for maximum leakage current (I h ) and different insulator shapes is introduced to estimate the flashover voltage for different kinds of pollutant layers when they are saturated with moisture. Meanwhile, the relationships between relative humdity (RH) and maximum leakage curren, altitude and maximum leakage current are investigated. With these results a flashover prediction method is developed. I h measured in different relative humidity is converted to I * for the same contaminate layer when it is saturated with moisture. Then the flashover voltage is estimated by I * . Furthermore, an online leakage current monitoring results are analyzed. The relationships between leakage current characters in the field and ambient relative humidity are analyzed. The results show that although there are some differences between the leakage current in the field and in the lab because of some especially serve atmospheric conditions, the relationships are similar. Meanwhile, leakage current waveforms in different weather conditions are investigated. The waveforms of leakage current in the field are similar with those in the lab. The leakage current waveform that accounted for strong arc is found in the field. Finally, the contamination level of the field insulator is evaluated. The results corresponds well with the local condition. Key words: Flashover, Leakage currents, Insulator contamination, relative humdity.
Introduction
Outdoor insulators can become heavily coated with dirt and chemicals by environmental pollution. In severe atmospheric conditions such as fog, dew or drizzle, the contaminant will partially be dissolved, forming a conductive layer. Leakage current that flows along the surface will increase and may eventually cause flashover [1, 2] .
ESDD is widely used in China and several other countries to qualify pollution levels on insulators. The ESDD level of the insulators is easy to measure, but has some disadvantages. Firstly, it is difficult to online monitor the ESDD levels in the field. Secondly, many studies show that the flashover voltages on artificially polluted insulators do not agree well with those on naturally contaminated insulators with the same ESDD, since the natural contaminants are much more complex than that of the artificial contaminants. Several studies have shown that factors such as the composition of the conductive components, the level of NSDD and the distribution of the contaminants would affect the flashover voltage [3] [4] [5] .
Advanced statistical processing of the leakage current envelope gave reliable predictions of flashover voltage on single disc insulators. A lot of research has been carried out to study the relationship between leakage current and flashover voltage. However, to use the results for the online monitoring and evaluation of the insulators in the field, three problems should be solved.
Firstly, most of the researchers focused their interests on the leakage current at pre flashover stage. However, the voltage applied on the insulator in that situation is usually higher than the operating voltage of the insulators in the field. So the leakage current is also different from that of the insulators in the field.
Secondly, nature pollution is more complex than artificial pollution. Thus, it is necessary to study whether the relationship between leakage current and flashover voltage is related to the kinds of pollutant layers.
Thirdly, laboratory tests always carried out in the fog chamber with the pollutant layers of the tested insulators saturated with moisture. But in the field, factors such as relative humidity and air pressure can also affect the flashover voltage. Thus, effects of these environmental factors to leakage current must be studied.
A lot of online leakage current monitoring systems have been installed. However, it is still difficult to assess the contamination levels by online leakage current monitoring results because of above problems. Therefore, in this paper, a multi channel leakage current monitoring system is introduced first. Then, not the leakage current at pre flashover stage, but the leakage current at the phase to ground voltage of 110kV transmission lines (8kV/disc) was studied with different kinds of pollutant layer. The discharge phenomenon during the tests is observed. The relationships between maximum leakage current at service voltage and flashover voltage are studied, a new parameter I * is used to assess the contamination level by maximum leakage current. Meanwhile, relationships between leakage current and altitude, leakage current and relative humidity are investigated. Furthermore, a flashover prediction method is developed. In addition, the leakage current acquired by online monitoring system is analyzed. Relationship between leakage current and climate in the field is studied. Finally, the contamination level in the field is assessed using above study results.
Leakage current monitoring system
A kind of high precision leakage current monitoring system is used in the laboratory tests and online monitoring, so accurate leakage current information can be obtained for further research. The parameters of the system are shown in Table 1 . Table 1 Parameters of leakage current monitoring system  Measuring range Sampling rate Number of Chanel 0.5 mA~2 A 20 kHz 8
The leakage current monitoring system is combined with the following four main components: Leakage current sensor, data acquisition hardware, personal computer and protective devices. The schematic diagram of the system is shown in Fig.1. 1 Copper ring, 2 Copper wire, 3 relative humidity and temperature sensor, 4 Double shielded cable, 5 leakage current sensor, 6 data acquisition hardware, 7 Personal computer, 8 Source protection device. Fig.1 . A schematic diagram of the leakage current monitoring system Leakage current is collected by a copper ring fixed at the low potential end of the insulators and flows into ground through the leakage current sensor. Meanwhile, relative humidity and temperature near the insulator are also measured. A high speed data acquisition hardware is used to convert the analog signals to digital signals. Then the signals are transmitted into the personal computer, where the signals are converted into real leakage current value and analyzed by the specially designed software. The computer is connected with a protective device to prevent it from being destructed by the voltage surge caused by flashover of the insulators.
Leakage current sensor is the key component of the system. In order to prevent the leakage current signals from being distorted, A circuit mainly consists of resistors is designed. Their resistances are accurate and wouldn't change by temperature variation. By using resistors as a sensor, not only the leakage current of the AC system, but also the leakage current of DC system, can easily be measured by the same leakage current sensor. The input of data acquisition hardware must be lower than 10V or it would be destroyed. Therefore, some protection devices are used in the leakage current sensor. Both of the resistors are paralleled with switches whose response time is about 10 ns. They are used as the first level protection. Piezo-resistors whose response time is about 50 ns are used as the second level protection. Meanwhile, a surge arrestor is paralleled between the high voltage end of the sensor and the ground for third level protection. In the software, the signals from the leakage current sensor are combined together to form the actual leakage current waveform. Leakage current characters such as the peak values, the number of the leakage current pulses are taken from the leakage current waveform and recorded. Meanwhile, the waveform of leakage current can also be saved as files in the computer both in the lab and in the field. So the information of the leakage current can be saved completely for further research.
Flashover tests were carried out with this leakage current monitoring system in the lab for thousands of times, the system is still working well. Fig 3 (a) is the leakage current when no discharge appear on the insulators. The waveform is sinuoidal. Fig 3 (b) is the leakage current when weak discharge appear on the insulator surface. The waveform is distorted. Fig 3 (c) is the waveform when strong arc appears. The amplitudes can be several hundreds of milliampere. Fig 3 (d) is the leakage current when flashover occurs. Leakage current increases quickly before flashover. When flashover happens, short current is monitored.
Laboratory tests 1 Experimental setup and test procedure
Three kinds of widely used suspension insulators (Fig. 4) were tested. Typical parameters are shown in Table 2 . XWP-70 and XP-70 were porcelain insulators and LXY-70 was glass insulator. Three kinds of tests were carried out in the lab. The first kind is design to study the relationship between leakage current, SDD and flashover voltage when the contaminated surface is saturated with moisture. The second kind is designed to study the relationship between leakage current and altitude. The third kind is designed to study the relationship between leakage current and relative humidity.
The first kind of experiments was carried out in the laboratory of the Yunnan electric power test and research institute. This lab is located in Yunnan Province, in southeast China at an altitude of about 2000 m. For the first kind of the tests, a string consisting of 8 pieces of the same type of insulators was suspended in the fog chamber. The chamber was then filled with fog while a voltage of 63.5 kV was applied on the insulator string. The voltage and the fog were maintained for 30 minutes. Then the applied voltage was increased until flashover occurred. The flashover voltage and the leakage current during the whole process were recorded by the monitoring system. To improve the experimental results, for each kind of pollutant layer, 10 groups of the specimens were tested with the average results presented in the discussion.
The second kind of experiments was carried out in an air pressure controllable chamber in the laboratory in China Electric Power Research Institute in Beijing, China. Two kinds of insulators, XWP-70 and LXY-70, are tested at altitudes from 0 m to 3000 m. The test steps are the same as the first kind.
The third kind of experiments was carried out in the laboratory in Graduate School at Shenzhen, Tsinghua University, where the altitude is about 0m. For the second kinds of tests, a piece of the insulators was placed in an artificial climate chamber. Then the relative humidity of the chamber was adjusted to the proposed level. The relative humidity was kept in the same level for adequate time to make the insulator sufficiently moist. Then operating voltage of 8 kV was applied on the insulators for 10 minutes, because the discharge on the insulator surface would be weak enough after 10 minutes. Five levels of the relative humidity were tested in the experiment, respectively 85%, 90%, 95%, 99% and 100%. This experiment procedure simulated the wettest surface conditions of the proposed relative humidity levels. It was equal to the condition when the surface was rapidly wetted. To improve the experimental results, for each SDD level and each relative humidity, three groups of the insulators were tested. Fig.5 and Fig.6 are typical discharge phenomenon in the laboratory tests. Fig.5 shows the discharge phenomenon of insulators being lightly polluted. Fig.6 shows the discharge phenomenon of the insulators being heavily polluted. When the pollution level is low, in the first few minutes, discharge appears in each piece of the insulator. While the pollutant layer absorbs more vapour, the discharge glows stronger and the amplitude of leakage current becomes higher. However, the arcs between the insulators wouldn't connect together before flashover.
2 Results and Discussion 2. 1 Discharge phenomenon
When the pollution level is high, strong discharge occurs in each insulator in the first few minutes, and leakage current of high amplitude appear. While the pollutant layer absorbs more vapour, the arcs of nearby insulators connect together, forming stronger arcs cross the insulator string, the amplitude of the leakage current glows even higher. When all the arcs on the insulator connect together, flashover occurs. The amplitude of leakage current is much higher in Fig.6 than that in Fig.5 . The discharge phenomenon and leakage current is strongly relative. Table 3 shows the correlations between maximum leakage current and the discharge phenomenon for XP-70 type insulators. Similar relationship is found for XWP-70 and some other kinds suspension and post insulators. Using these relationships, the discharge phenomenon in the field can be evaluated by the online leakage current monitoring results. Orange short electric arcs 70~100 Arcs in the bottom surface reach to 1/3 distance of the diameter.
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Red arcs appear, the specimen would flashover at any time For different kinds of insulator, their flashover characteristics are different. These differences are caused by the differences of their profiles and leakage distances. These two factors can be combined into a new parameter.
2. 2 Relationship between I h and flashover voltage
Where f is the form factor
Where dl is a differential element along the leakage distance, D(l) is the insulator diameter at distance l and L is the leakage distance on the insulator.
The relationship between I * and E f is illustrated in Fig. 9 . The differences between the three types of insulators are so small that they can be neglected, so the relationship between E f and I For insulators working at different service voltage, the parameters must be converted to the experimental conditions first by the following equations.
Where L * and f * are effective leakage distance and effective form factor, U y is the service voltage. 
2. 3 Relationship between leakage current and altitude
The relationships between maximum leakage current and altitude are shown in Fig. 11 . In same SDD, I h increases when altitude increases. I h (mA) The relationship between I * and E f in different altitudes are shown in Fig.12 . The test results fit well with equations (4), which means no matter how altitude changes, E f wouldn't change if I * doesn't change. So the effect of air pressure can be neglected when I * is used to estimate the flashover voltage. Fig.13 is the relationship between the maximum leakage currents and relative humidity. I h increase when relative humidity increases. The variation can be divided into two stages. Stage 1 is from 85% to 99% (critical saturation). The rates of increase of both the surface conductivity and the maximum value of leakage current are lesser at higher relative humidity.
2. 4 Relationship between I h and relative humidity
Stage 2 is Form 99% to 100%(over saturation). I h increase suddenly. These two stages could be explained by different phenomena of the wetting of the insulator surface. Four phenomena are considered in the tests according to reference [6] . In stage 1, the major wetting factors are phenomena (c) and (d). But in stage 2, phenomena (b) plays an important role in the wetting process because the fog in the chamber is over saturated. As a result, much more moisture was absorbed by the contaminated surface, so the surface conductivity and the maximum value of leakage currents increase rapidly. Fig.14 shows the relationship between I * and E f in different relative humidity. The experimental results fit well with the calculated curve, which means the relationship does not change for different relative humidity. 
2. 5 Flashover Predition
Although flashover voltage in different relative humidity can be estimated by I * , it is not the lowest flashover voltage for the contaminate layer. Because when relative humidity increases, the contaminate layer would absorb more moisture and the flashover voltage would be lower. In order to find out the lowest flashover voltage for a specific contaminate layer, the relationships between leakage currents in different relative humidity and leakage currents when the surfaces are saturated with moisture are needed.
The relationships between the leakage currents in different relative humidity and leakage currents when the surfaces are saturated with moisture are shown in Fig. 15 . The relationships can be expressed by equation (8):
Where I h100 is the maximum leakage current when the contaminate layer is saturated with moisture, and I hRH is the maximum leakage current of the same contaminate layer in different relative humidity. Similar principals are found in XWP-70 and LXY-70. For all the three kinds of insulators in the same relative humidity, the value a are similar. Following this equation, the I h in different relative humidity can be converted to the I h when the pollutant layers are saturated with moisture. Using equation (4) Table 4 is some typical insulation levels for XP-70 with 110kV/8 disc in different relative humidity. Insulation level K is calculated by equation (9) and (10)
Where n is the unit number of the insulator string. is standard deviation. k is the coefficient of parallel strings. U yh is the highest phase voltage that would be applied on the insulators. 
Online Leakage current monitoring results
An online leakage current monitoring system is installed in Ha'nan Substation, which is in Harbin, Northeast China.
Fig.16. Photo from Ha'nan substation
The substation is surrounded with farm. Contamination level there is level II. The general climate in Harbin is as follows. Rainfall is focused between July and September. Form October to March it is dry. Snow is focused in March, with temperature above 0 and relative humidity above 90%. So from February to March the insulators would threat by flashover most serious. ESDD in this area is 0.06 to 0.1mg/cm 2 . The leakage current monitoring system monitors two post insulators of the same type. Not only the leakage current characters, but also the leakage current waveforms whose amplitude is above 5mA are recorded. There are a large number of leakage currents above 5mA. They appear in different relative. Therefore, it doesn't correspond well with the contaminate level and moist level. So it is not suitable for analysis. The leakage current pulses above 10mA are fewer. But they illustrate more serious discharge condition, so it must be tightly related to the contamination levels. 18 is the relationship between leakage current and relative humidity in the field. No leakage current above 10mA appears when relative humidity is below 75%. While the relative humidity increases from 75% to 85%, the increase of I h is slow. When the relative humidity increases from 85% to 92%, the maximum leakage currents increase quickly. In 92% to 95% RH, there are 3 points whose amplitudes are far above other points. They appeared in February and March. In these times, strong snow storm occur in the local areas. Meanwhile, since the temperate is above 0℃, the snow on the insulator surface is easy to melt. So the pollutant layers are likely to be saturated with moisture. Fig. 19 is the relationship between number of leakage current pulses and relative humidity. It also illustrates that many high amplitude leakage current pulses appeared in those days. Fig. 20 is the typical waveforms acquired from the field insulators. The discharges are focused from January to April, especially from February to March. Fig. 20 (a) occurred when the insulators were covered with ice. About 10 cycles of leakage current waveforms whose amplitude is higher than 5mA are recorded. The Discharge on the contaminated surface is weak. Fig. 20 (b) occurred when it was snowing. Pulses appear in the peak and trough of the cycle. The amplitude is about 20mA. Fig. 20 (c) occurred when strong snowstorm happened. It is the most serious discharge the system recorded. 4 cycles of the leakage current waveform, whose amplitudes were much higher than other cycle appear. The peak value is about 45 mA. There must be arc appear on the contaminated surface.
1 General leakage current character in the field

2 Leakage current waveform in the field
It can be seeing clearly that leakage current waveforms in the field are quite similar with those in the laboratory tests. So it is adequate to evaluate the contamination levels by maximum leakage current using the methods obtained by the laboratory tests.
There are still some differences between the leakage current characters in the laboratory tests and in the field. For Fig .20(c) , the relative humidity didn't reach 100%, but the contaminated surface must be saturated with moisture because of snow and temperature. It is proved in Fig.18 since the sudden increase of the current has already appeared.
（a）2007-1-4-10:55, RH＝87% （b）2007-2-13-18:16, RH=93% (snow) （c）2007-2-14-8:49, RH=91% (Snowstorm) Fig.20 . Leakage current waveform in the substation.
3 Assessment of the insulation level
Since leakage currents in the substation are similar with those in the lab, the insulation level in the field can be assessed by the method developed in the laboratory. The parameters of the insulators are shown in Table. 5. Table 6 shows the results of the assessment. For each relative humidity, the maximum leakage current in all the pulses are used to assess the insulation levels. All the results are corresponding well. The threat of flashover is very low. Furthermore, SDD of the insulators are also evaluated based on Fig.7 . SDD is about 0.025~0.03 mg/cm 2 , which is 2~3 times lower than that measured ESDD in the field. Considering the distributions and the composition of the contaminants, this value fits well with the conditions in this area. 
Conclusions
(1) A multi channel leakage current monitoring system is developed. The specially designed leakage current sensor is precise and well protected. (2) Discharge phenomenon in the laboratory tests is investigated. The discharge phenomenon is quite different between lightly and heavily polluted insulators. However, relationship is found between maximum leakage current (I h ) and discharge phenomenon. * and E f wouldn't change for different altitudes. So the effect of air pressure can be neglected when using maximum leakage current to estimate the flashover voltage. (5) The relationship between leakage current and relative humidity is studied. When vapour in the air changes from 99% (critical saturation) to 100% (over saturation), I h increase suddenly. The relationship between I * and E f doesn't change for different altitudes. (6) A flashover prediction method is developed. Maximum leakage currents in different RH is used to estimate flashover voltages for different kinds of insulators when their contaminate layers are saturated with moisture. (7) Leakage currents of the field insulators are analyzed. Leakage current characters and waveforms in different relative humidity in the field are similar with those in the lab. But due to the strong snow storm, the pollutant layers are saturated with moisture when relative humidity is only 92% to 95%. Waveform for strong discharge is observed in the field, its amplitude is about 45 mA. The insulation levels of the field insulators are assess using the methods developed by laboratory tests. The results fit well with local condition.
